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Targeting Bile Acids and Lipotoxicity
for NASH Treatment

onalcoholic fatty liver disease (NAFLD) is

the most common chronic liver disease,

affecting approximately 20%-30% of the
population in Western countries. Nonalcoholic steato-
hepatitis (NASH) is the progressive form of NAFLD
that can develop into cirrhosis and hepatocellular carci-
noma (HCC). However, the underlying mechanism of
progression of steatosis to NASH and cirrhosis is
poorly understood. Multiple factors, including insulin
resistance, inflammation, oxidative stress, lipotoxicity,
and bile acid toxicity, have been implicated in NASH
progression. The bile acid-activated receptors farnesoid
X receptor (FXR) and G-protein bile acid receptor-1
are metabolic integrators that function in the regula-
tion of hepatic metabolism and homeostasis. Bile acids
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are derived from cholesterol in the liver and are
secreted into the gastrointestinal system for nutrient
absorption. The gut-to-liver axis plays a critical role in
the regulation of bile acid synthesis and homeostasis.
In the intestine, bile acids activate FXR to induce
fibroblast growth factor 15 (FGF15) in mice or
FGF19 in humans (Fig. 1). FGF15 and FGF19 are
secreted into portal circulation to activate the hepatic
FGF receptor 4/f-Klotho complex, which inhibits
cholesterol 7o-hydroxylase (CYP7A1), the key regula-
tory enzyme in bile acid synthesis. Activation of FXR
by bile acids and FXR agonists has been shown to
reduce hepatic lipogenesis and improve glucose toler-
ance and insulin resistance in diet-induced obese
mouse models.

Bile acid derivatives that activate FXR have been
developed as therapeutic drugs for treating cholestatic
liver diseases and NASH.®"? A synthetic bile acid,
obeticholic acid, has been approved by the U.S. Food
and Drug Administration for primary biliary cirrho-
sis, and currently patients are being recruited for
phase 3 of clinical trials for NASH fibrosis. Synthetic
bile acids are safe and devoid of side effects but have
inherent problems for bile acids, including pruritus
and reducing serum high-density lipoprotein choles-
terol levels.

Nonbile acid-based drugs, such as FGF19, have been
developed for treating chronic liver disease (http://www.
clinicaltrials.gov, NCT02443116). FGF19 is a post-
prandial insulin-independent activator of hepatic pro-
tein and glycogen synthesis.”) The hepatic response to
FGF19 is impaired in NAFLD patients with insulin
resistance, and tasting FGF19 levels are reduced in
NAFLD patients.”) FGF19 has been shown to stimu-
late energy metabolism and reduces steatosis by reduc-
ing fatty acid synthesis, increasing fatty acid oxidation,
and stimulating adipose tissue browning. However, the
underlying mechanism of how FGF19 protects against
bile acid-induced liver injury and inflammation is not
clear and requires further study.

As a growth factor, FGF19 has tumorigenic activity.
FGF19 transgenic mice have been shown to develop
HCC. To eliminate the tumorigenic activity, an

FGF19 variant, M70, has been shown to inhibit
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CYP7A1 expression without causing liver injury in
cholestatic mouse models.®® In this issue of Hepatology
Communications, Zhou et al.”) reported a detailed
study of FGF19 and M70 in reducing bile acid toxicity
and lipotoxicity to resolve NASH in mice. A high-fat
(40% Kcal), high-fructose (20% Kcal), and high-
cholesterol (2%) diet (HFFCD) was used to induce
NASH in mice. This high-fat diet has been widely
used to rapidly induce steatosis in 1 month, NASH-
like steatohepatitis with fibrosis in 8 months, and
advanced NASH in 20 months. Adeno-associated
virus-mediated transduction of FGF19 (AAV-
FGF19) and AAV-M70 suppressed Cyp7al messen-
ger RNA expression in HFFCD-fed mice and signifi-
cantly reduced all bile acids in hepatocytes and the
total bile acid pool size. Lipidomic analysis showed
that AAV-M70 significantly reduced diacylglycerols,
triglycerides, and ceramides along with messenger
RNA levels of enzymes involved in fatty acid, diacyl-
glycerol, and ceramide synthesis, which are increased
in HFFCD-fed mice. Elevated levels of diacylglycerols
and ceramides in hepatocytes have been linked to stea-
tosis and insulin resistance. M70 increased unoxidized
cardiolipins in mitochondria and reduced reactive oxi-
dizing species in these mice. Similarly, AAV-M?70 and
AAV-FGF19 reduced apoptosis factors involved in
cell death; reduced inflammatory chemokines, cyto-
kines, and fibrosis markers; and stimulated insulin sen-
sitivity and glucose tolerance in HFFCD-fed mice.
Furthermore, AAV-FGF19 but not AAV-M70
induced HCC in diet-induced NASH mice. In sum-
mary, Zhou et al. provide evidence that M70 was
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effective in reducing bile acid toxicity, lipotoxicity, liver
inflammation, and NASH progression and improved
insulin and glucose tolerance without causing HCC in
a diet-induced NASH mouse model. However, this
study did not unveil the underlying mechanisms of
FGF19/M70 in reducing lipogenesis and improving

FIG. 1. Targeting to bile acid and lipid metabolism in NASH
treatment. Bile acids are synthesized from cholesterol in hepato-
cytes. Cyp7al is the first and rate-limiting enzyme in the classic
bile acid synthesis pathway to synthesize CA and CDCA.
Cyp8b1 is required for synthesis of CA. Cyp27al is involved in
steroid side-chain oxidation. The alternative pathway is initiated
by Cyp27al, followed by Cyp7bl. Bile acids are conjugated to
amino acids glycine and taurine for secretion into bile. In mice,
CDCA is converted to o- and f-muricholic acids. CDCA acti-
vates FXR to induce a negative factor, SHP, which inhibits
Cyp7al and Cyp8b1 gene transcription. Bile acids are stored in the
gallbladder and secreted into the gastrointestinal tract for nutrient
absorption. In the intestine, conjugated bile acids are deconjugated
by bacterial BSH and bacterial 7-dehydroxylase activities convert
CA and CDCA to DCA and LCA, respectively. In the ileum,
FXR induces FGF15 (or human FGF19). Bile acids and FGF15/
FGF19 are secreted into portal blood for circulation to the liver.
In hepatocytes, FGF15 and FGF19 activate the FGF receptor 4/
p-Klotho complex to activate cJun/ERK1/2 of the MAPK
pathway to inhibit Cyp7al gene transcription. Conjugated bile
acid-activated S1PR2 may also be involved in inhibiting Cyp7a1.
In NAFLD and NASH, hepatic bile acid and lipid metabolisms
are impaired to accumulate toxic bile acids and lipids along with
cholestatic liver injury. Ceramides and diacylglycerols have been
linked to insulin resistance in diabetes. FGF19 and M70 inhibit
bile acid synthesis and reduce bile acid hydrophobicity. FGF19
and M70 stimulate fatty acid oxidation and inhibit fatty acid
synthesis to reduce lipogenesis, ceramides, and diacylglycerol and
to increase unoxidized-cardiolipins in mitochondria; reduced ROS
reduces inflammatory cytokines and chemokines (CC12, Ccr2, IL-
18, Tnf-o), fibrosis markers (Collal, Timp2), and apoptosis
markers (Bax, Bad). In colon, activation of TGRS stimulates
cAMP and secretion of GLP-1 to improve insulin sensitivity.
Abbreviations: BSH, bile salt hydrolase; CA, cholic acid; cAMP,
cyclic adenosine monophosphate; CCl12, (C-C motif) ligand 2;
Cer2, (C-C motif) receptor 2; CDCA, chenodeoxycholic acid;
Collal, collagen, type I, alpha 1; Cyp27al, mitochondria sterol
27-hydroxylase; Cyp7al, cholesterol 7a-hydroxylase; Cyp7bl,
oxysterol 7o-hydroxylase; Cyp8bl, sterol 12a-hydroxylase; DAG,
dystroglycan; DCA, deoxycholic acid; ERK, extracellular signal-
regulated kinase; GLP-1, glucagon-like peptide-1; Icam1, inter-
cellular cell adhesion molecule 1; IL-1p, interleukin-1p; LCA,
lithocholic acid; MAPK, mitogen-activated protein kinase;
Mmp2, matrix metalloproteinase 2; Nlrp3, nucleotide-binding
domain and leucine-rich repeat containing protein 3; NTCP,
sodium-taurocholate cotransporting polypeptide; Osto/f, organic
solute transporter alpha/beta; ROS, reactive oxygen species; S1IPR2,
sphingosine-1-phosphate receptor 2; SHP, small heterodimer part-
ner; TCA, trichloroacetic acid; TCDCA, taurochenodeoxycholic
acid; TDCA, taurodeoxycholic acid; TGRS, G protein-coupled
bile acid receptor 1; Timp2, tissue inhibitor of metalloproteinase 2;
TLCA, taurolithocholic acid; Tnf-x, tumor necrosis factor alpha;
UDCA, ursodeoxycholic acid.
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glucose and insulin tolerance. Activation of the FGF
receptor 4/f-Klotho complex may activate the c-Jun
N-terminal kinase/c-Jun and extracellular signal-
regulated kinase 1/2 activity of the mitogen-activated
protein kinase pathways, and the small heterodimer
partner may also be involved to inhibit Cyp7al (Fig.
1). Conjugated bile acid-activated sphingosine-1-
phosphate receptor 2 signaling may also be involved in
inhibiting Cyp7al. The underlying mechanism of
these signaling pathways in inhibiting bile acid synthe-
sis and lipogenesis remains to be further studied. A
recent study reported that activation of intestinal FXR
induced all enzymes involved in ceramide synthesis.®
It is not clear how FGF19/M70 reduces ceramide syn-
thesis in hepatocytes. Ceramide is synthesized from
serine and palmitoyl-coenzyme A, and increasing
hepatic fatty acids may stimulate ceramide and sphin-
golipid synthesis. Adiponectin stimulates ceramide
clearance by activating ceramidase, which converts
ceramides to sphingosines. Thus, a decrease in adipo-
nectin reduces ceramide clearance and increases cer-
amide accumulation in hepatocytes, which increases
endoplasmic reticulum stress and reactive oxygen spe-
cies in mitochondria.

This report also did not study the role of FGF19/
M?70 on gut microbiota. Gut microbiota regulate bile
acid metabolism, bile acid pool size, hydrophobicity,
and enterohepatic circulation of bile acids. Several
recent studies reported paradoxical effects of intestinal
FXR on obesity and NAFLD. Deficiency of intestinal
FXR, antagonism of intestinal FXR by glycine-muri-
cholic acid, and an antioxidant tempol all alter gut
microbiota and increase bile acid synthesis to reduce
diet-induced obesity and insulin resistance in mice.®"
19 Probiotics promote bile acid conjugation and bile
salt secretion to increase bile acid synthesis and prevent
gut-related diseases. ™ On the other hand, activation
of intestinal FXR by the intestine-restricted FXR ago-
nist fexaramine also improves obesity and insulin resis-
tance by inducing FGF15 in mice. FXR agonists and
antagonists may shape gut microbiota differently to
exert beneficial effects during diet-induced obesity and
insulin resistance. It would be of interest to analyze the
gut microbiome of FGF19/M70-treated mice to unveil

1004

HEPATOLOGY COMMUNICATIONS, December 2017

the mechanism by which M70 reduces bile acid and
lipotoxicity in diabetes and obesity.

John Y. L. Chiang
Northeast Ohio Medical University
Rootstown, OH
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